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Highlights 7 
 The deposition of various Ni alloys and Ni composite films is studied. 8 
 The deposition of different noble metal thin films is studied. 9 
 Dispersing methods of particles to make composite films are described. 10 
 The importance of post-treatment techniques on thin films is explained. 11 
Abstract 12 
Cu/Ni(Ni-P)/Au systems are extensively used to serve as electrical contacts due to their 13 
exceptional combination of excellent electrical conductivity, corrosion resistance, and 14 
mechanical behavior. Cu has a unique electrical conductivity that made it the most used metal 15 
in electronics. However, protective coatings must be applied on Cu due to its poor corrosion 16 
resistance. Au films are widely used to secure a proper lifetime of electrical contacts. Ni 17 
barrier films are also essential to avoid the diffusion of Cu into the Au deposits that 18 
deteriorate the desired properties of noble metal films. The main aspects for improving these 19 
systems are the corrosion and wear resistance, the electrical conductivity, lowering the 20 
surface roughness and designing a morphology with hemispherical features. In this review, 21 
recent studies about the deposition of different Ni films, including Ni alloys and Ni 22 
composites, noble metal films, and possible post-treatments to optimize the performance of 23 
multi-layer films are presented with special attention to the above-mentioned criteria.  24 
Keywords: Electrical contacts, Ni alloys and composites, Noble metal thin films, Electrochemical deposition, 25 
Electronics, Microelectronics 26 
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1. Introduction 1 
Electrochemical deposition is a popular method to obtain thin films. Simplicity, 2 
opportunity to work generally at ambient temperature, uniform and controllable 3 
deposition rate, ability to coat large surfaces in almost any shape and geometry, 4 
low cost, and the possibility to form multilayers, alloys and composites are 5 
some of the known advantages of electrochemical deposition [1–5]. Electroless 6 
deposition (EL) and electrodeposition (ED) methods are two major coating 7 
preparation methods. Their difference comes from the source of the electron 8 
transfer. While ED uses an external power source, EL uses a reducing agent in 9 
the bath to provide the required electrons [6].  10 
 11 
Figure 1. Electrochemical deposition methods: (a) Electrodeposition, and (b) Electroless 12 
deposition [6]. 13 
Cu/Ni (Ni alloys)/Au (noble metals) are the most used multi-layer films in 14 
electronics and microelectronics. They are implemented in applications such as 15 
switches, relays, circuit breakers, and contactors and are also typically 16 
employed as an electrical contact due to an optimal combination of high 17 
electrical conductivity, corrosion resistance, and wear resistance [7–9]. 18 
Cu/Ni/Au is especially employed in contact smart cards, like identity cards, 19 
SIM cards, and so on. A smart card is a device that contains an embedded 20 
integrated circuit, which can be either a secure microcontroller or equivalent 21 
intelligence with internal memory or a memory chip alone. The processors, the 22 
readers, and the background systems are the essential parts of a typical smart 23 
card. The reader is connected to the processor either with a physical contact or 24 
with a remote contactless radio frequency interface [10]. This paper is focused 25 
on the electrical contacts and the purpose and characteristics of each part are 26 
explained in the following.  27 
Copper (Cu) and its alloys are the most widely used base material in electronics. 28 
Cu alloys are popular due to their high electrical and thermal conductivity, 29 
mechanical workability, and low chemical reactivity. Their main purpose, 30 
however, is to provide the required electrical conductivity [11–17]. Nowadays, 31 
Cu can be even electrodeposited on plastics and polymers given the 32 
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development of conductive polymers and doped plastics. This possibility made 1 
Cu a suitable target for electronics, microelectronics, solar cells, transistors, and 2 
IT gadgets (cellular phones or chips) as flexible interconnections that are known 3 
as flexible circuit boards (FCBs) [18–22]. However, the poor corrosion and 4 
oxidation resistance of Cu alloys, especially in the presence of aggressive ions 5 
like chlorides, is their biggest disadvantage. Corrosion products are usually 6 
electrically insulators, thus they increase the contact resistance and terminate the 7 
functionality of the electric contacts.  Therefore, the corrosion process limits the 8 
usage of Cu alloys with protective coatings [11–17].  9 
There are two groups of metals that could be used as protective coatings; firstly 10 
noble metals (like gold (Au), silver (Ag) and palladium (Pd)), and secondly so-11 
called passive metals (such as nickel (Ni) and tin (Sn)). Noble metals are 12 
chemically almost inert in all environments, while passive metals owe their 13 
corrosion resistance to the ability to form a nanometric oxide layer that hinders 14 
deeper corrosion. However, not all passive metals can be employed since the 15 
conductivity can be lost if the passive layer is too thick (like aluminum (Al)) 16 
[23]. 17 
The primary function of electrical contacts is to pass the electrical currents 18 
across the contact interface with no interruption. Hence, the electrical 19 
connectors can read information from and write back on the chip when the 20 
smart card is inserted into a reader. Figure 2 shows a typical standard contact, 21 
with a description of the purpose of its different parts1. A thin layer of a noble 22 
metal is typically used to secure a stable contact resistance during the lifetime of 23 
the device [8,24,25]. 24 
                                                          
1
 Before 1990s, applying an external voltage was necessary to keep the smart cards functional, and 
thus the purpose of the part c6 (VPP).  Later, a charge pump was employed to apply this voltage 
directly on the chip, and therefore, made the c6 part useless. However, to avoid any conflicts with the 
ISO standard, the c6 part could not be eliminated [10]. 
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 1 
Figure 2. contacts of a typical contact smart card and a brief description of each part [10]. 2 
Au, Pd, and Ag are considered as noble metals due to their high standard 3 
electrode potentials; 1.38 V, 0.92 V, and 0.8 V, respectively.  Au is the most 4 
used top-coat [12]; over 300 tons of Au is annually used in electronic 5 
components [26]. The production of Au causes environmental problems. 6 
Therefore, reducing the consumption of Au is a vital issue from both the 7 
economic and the ecological point of view [23]. Many studies were dedicated to 8 
improve the wear resistance of Au that reduces its consumption or develop 9 
cheaper and more reliable plating materials [23,24]. 10 
Noble metals are expensive, and thus their thickness should be kept as low as 11 
possible. Au films with a thickness above 2 µm are known to be pore-free and 12 
corrosion-resistant. The porosity of thin films, however, drastically increases 13 
with decreasing thickness. Therefore, films on top of electronic contacts are 14 
porous because they are usually thinner than 0.8 µm [27]. These pores induce 15 
the corrosion of the sublayer [24]. As a result, the thickness of noble metal 16 
coatings is their most important characteristic: it should be thick enough to offer 17 
a good corrosion and wear resistance, and be as thin as possible due to its cost 18 
[23]. 19 
Au top-coats on Cu are not recommended due to the Cu diffusion into Au, 20 
which happens during high-temperature processes, i.e. wire bonding and 21 
encapsulation. Loss of conductivity, loss in bondability, and weakening in bond 22 
strength are the known effects of the diffusion of Cu into Au. 23 
Ni or Ni alloys are applied as barrier layers [11,28]. Ni could be simply 24 
deposited on Cu because of their similar fcc structure with only 2.5 % lattice 25 
mismatch [9]. Ni coatings have anti-corrosion properties, and they can act as 26 
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sacrificial anodes due to a more cathodic potential than Cu [29,30]. More 1 
importantly, the required thickness of the Au top-coat is reported to decrease 2 
drastically when Ni barrier layers are used (hence Ni films are economically 3 
desirable) [11,31]. Unfortunately, however, Ni ions cause dermatitis and nickel 4 
allergy (Figure 3). Therefore, the use of Ni surfaces that can release more than 5 
0.5 µg/cm
2
/week of Ni is forbidden for applications that are in a direct contact 6 
with the human body [28]. Note that 0.5 µg/cm
2
/week corresponds to a very low 7 
corrosion rate of Ni about two atomic layers per week [32].  8 
 9 
Figure 3. Ni dermatitis or skin allergy caused by Ni in a cell phone [32]. 10 
Other alternatives, such as Co [28] and Sn-Zn [33], have been investigated to 11 
replace Ni. However, Co, compared to Ni, has a higher cost and a lower 12 
corrosion resistance, and both Sn and Zn are reactive elements that can form 13 
intermetallic compounds with Au and Cu. As a result, Ni seems to be inevitable, 14 
which makes it necessary to use of more resistant Ni films, i.e. Ni alloys or Ni 15 
composites. 16 
Nonetheless, the protection of Cu/Ni/Au systems against corrosion is highly 17 
challenging [7]. The following mechanism has been proposed for Cu/Ni/Au 18 
systems [11]:  19 
The porous Au layer and the Ni under it undergo a galvanic corrosion, where 20 
Au and Ni are the cathode and anode, respectively. As a result, an intensified 21 
corrosion of Ni occurs due to the large cathode-small anode phenomenon. 22 
Meanwhile, Cu is using the defects of the Ni layer (such as grain boundaries) to 23 
diffuse to the top surface, and it will be eventually oxidized there. Therefore, 24 
localized corrosion with pitting, as depicted in Figure 4, is the main form of 25 
corrosion in Au/Ni/Cu systems. Moreover, the oxidation of Ni increases the 26 
electrical resistance of the contact that can terminate the lifetime of electrical 27 
contacts [24].   28 
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 1 
Figure 4. Schematics of localized corrosion in the form of pitting in Au/Ni(Ni-P)/Au systems 2 
[11]. 3 
The electronic waste (e-waste) is estimated to be around 500000 tons per year 4 
[34]. Therefore, extending the lifetime of electronics is a vital issue. The 5 
lifetime of Au/Ni/Cu films will increase by decreasing their porosity. As a 6 
result, many studies have been dedicated to the use of post-treatment methods 7 
(e.g. Self-Assembled Monolayers (SAMs) [23,35]) to modify or control the 8 
porosity of thin films. 9 
High corrosion resistance is, obviously, the main criterion for choosing a 10 
protective coating. However, there are motions between electrical contacts, and 11 
therefore, the lifetime of electronics is also limited by mechanical phenomena, 12 
like wear and fretting [23]. As a result, applied protective coatings should 13 
simultaneously present good mechanical properties and a proper corrosion 14 
resistance [12]. Moreover, the roughness of the surface is another vital criterion 15 
for electrical contacts. The contact resistance Rc can be calculated using the 16 
Holm equation [13]: it is proportional to the specific electrical resistance (ρ) and 17 
the inverse of the radius of the contact area (a): 18 
    
 
  
               (1) 19 
Therefore, coatings with lower roughness present a higher electrical 20 
conductivity. Lower roughness is an especially important factor for Ni barrier 21 
layers since the quality and properties of the applied top-coat, especially the 22 
porosity content, is directly related to their roughness [36–38]. Furthermore, 23 
films with spherical surface morphology (Figure 5) are known to be superior 24 
regarding electrical contact purposes [12].  25 
 26 
Figure 5. A typical surface with spherical features [39]. 27 
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In summary, high and stable electrical conductivity, high corrosion and wear 1 
resistance, low roughness, and spherical surface morphology can be considered 2 
as the main criteria for a good protective coating for electronic and 3 
microelectronic applications.  4 
Although Cu/Ni/Au multi-layer films are vital systems in electronics, there are 5 
only a few books [40,41] explaining them, and they were published over a 6 
decade ago.  Moreover, the existing reviews [6,42–45] about the deposition of 7 
metals are either too old or just partially cover this subject. We found no 8 
literature review regarding the strategies for increasing the performance and 9 
lifetime of Cu/Ni/Au systems. Recent studies about modifying Ni and noble 10 
metal deposits are presented in this review in order to find the best candidates 11 
for barrier layers and noble top-coats. Therefore, this review is divided into 12 
three main parts, the first one is dedicated to Ni deposits (alloys and 13 
composites), the second part deals with the deposition of noble metal top-coats, 14 
and the last part focuses on the possible post-treatment methods to compensate 15 
the effects of the porosity.  16 
 17 
2. Ni barrier layers 18 
Electrochemical deposition of Ni is over a century old and several studies have 19 
been dedicated to its optimization. The mechanism of the deposition of Ni, 20 
which traditionally occurs in aqueous solutions, is well known and has been 21 
described in many reviews and books [4,44,46]. As a result, we deliberately 22 
skip the publications that are older than a decade and just focus on the most 23 
recent ones. To summarize, a combination of Ni salts is employed as Ni source 24 
inside the electrolyte, i.e. sulfates (majority) due to better metal distribution and 25 
conductivity, and chlorides (minority) to enhance the throwing power, thickness 26 
uniformity, and refining grains. Chloride salts can promote dendritic growth, 27 
hence its concentration should be kept as low as possible. Boric acid is also 28 
usually added as buffering agent [46]. This bath, generally known as Watts 29 
bath, was developed by O.P. Watts and is the most popular aqueous based 30 
solution to deposit Ni [47].  31 
The following three reactions are generally accepted as the mechanism of Ni 32 
deposition. 33 
 Ni
2+
 + X
-
 → NiX+         ( 2) 34 
 NiX
+
 + e
-
 → NiXads        ( 3) 35 
 NiXads + e
-
 → Ni + X-        ( 4) 36 
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While anions are usually assumed to perform as   , the electron itself also 1 
could act as    in acidic solutions with pH values less than 4 [4]. Note that 2 
hydrogen evolution occurs at the same time, which is the biggest disadvantage 3 
of Ni deposition in aqueous solutions [48]. Hydrogen formation decreases the 4 
current efficiency and the incorporation of H inside the deposits leads to 5 
hydrogen embrittlement [4,29].  6 
The electrodeposition of metals from ionic liquids (ILs) and deep eutectic 7 
solvents (DESs) are specifically developed to overcome the problem of the 8 
evolution of hydrogen. ILs and DESs (that is a eutectic mixture obtained by 9 
mixing quaternary ammonium halides with hydrogen bond donors, such as 10 
amides, carboxylic acids or alcohols) are alternative baths to traditional aqueous 11 
ones. These baths offer interesting properties like low vapor pressure and wide 12 
electrochemical window. DESs were particularly developed due to their lower 13 
cost and greater stability. The importance of coating parameters and the bath 14 
composition on the quality of the obtained films is well known. This is 15 
especially true in DESs, where the addition of complexing agents and additives 16 
have a huge impact on the obtained layers [49]. 17 
The nucleation and growth processes of metals from organic media are 18 
completely different from aqueous ones due to their fundamental differences, i.e 19 
molecule structure, polarity, viscosity, and so on. For example, the viscosity of 20 
DES is much higher than Watts bath (16.80 vs. 0.84 cP at 80 ºC [29]), while 21 
DES has a lower polarity (ENR
-1
) (ENR: 49.55 vs. 48.21 kcal.mol
-1
 [50]). 22 
Therefore, higher temperatures should be employed since the viscosity and 23 
resistivity of DESs and generally all deposition baths decrease with increasing 24 
the operating temperature. Moreover, the dissolved Ni ions inside a DES have 25 
thermochromic behavior, i.e. there are octahedral and tetrahedral ion 26 
coordination at low and high temperatures, respectively. A proper deposition of 27 
Ni from DESs can happen only from its tetrahedral ion state, and this is another 28 
reason to apply high operating temperatures  [29]. 29 
Abbott et al. [29] compared the deposition of Ni from Watts and DES baths and 30 
reported the same deposition rate at high temperatures, even though the 31 
conductivity of DES was remarkably lower than Watts. They found out that the 32 
deposition is not controlled by mass transport at high temperatures and high 33 
concentrations of Ni. A similar thickness from both DES and Watts was 34 
obtained. DES coatings had a nano-crystalline morphology, with a smoother 35 
and brighter surface, and a higher hardness (up to 100 HV) compared to the 36 
Watts coatings that presented a micro-crystalline morphology and a mate and 37 
rough surface.  38 
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Ni deposits with nano-crystalline structures are denser, and thus they offer 1 
better oxidation and corrosion resistance, hardness, elastic modulus, and 2 
catalytic capability. Zhou et al. [51] developed a novel method using an 3 
ultrasonic-assisted pulse current deposition and successfully formed coatings 4 
with superior corrosion resistance, smoother surface, and higher hardness. 5 
However, a crystalline Ni layer still presents defects like grain boundaries, 6 
voids, and dislocations that makes it vulnerable to corrosion attacks. Moreover, 7 
such defects enhance the diffusion of copper through the thin films [11]. 8 
Therefore, Ni alloys or composites that are known to offer better wear 9 
resistance, hardness, and corrosion behavior, are usually recommended to be 10 
used as a barrier.  11 
 12 
2.1. Deposition of Ni alloys 13 
In general, Ni Alloys offer superior properties, e.g. corrosion and wear 14 
resistance. They can be deposited by adding the source of alloying elements to 15 
the electrolyte. The obtained properties of a deposited alloy depend on the 16 
atomic radius, the position in the periodic table, the cohesive energy (melting 17 
temperature), electronegativity and density of valence electrons in the 18 
elementary cell [52]. The deposition of alloys is a more challenging process 19 
compared to the individual metals. Alloy electrodeposition needs a precise 20 
control and monitoring of electrolyte composition and coating parameters. 21 
Moreover, an overlapping potential window of each component is necessary for 22 
the alloy deposition. The electrochemical standard potential for most of the 23 
metals may differ by 1 V that limits the number of metals that can be deposited 24 
simultaneously. As a result, complexing agents should be employed to shift the 25 
potential of elements towards each other. Note that the deposition of alloys can 26 
occur at potentials more anodic than the Nernst potential, called under-potential 27 
deposition [53].  28 
Ni alloy deposits can be categorized based on the type of the alloying element, 29 
i.e. those that can be deposited individually and those that can be only co-30 
deposited. The former group consists of metals that are much nobler than Ni, 31 
like Ag [54–57] and Cu [58–68]; metals that have similar standard potentials, 32 
such as Co [69–76] and Sn [77–85]; and metals that are more cathodic, like Cr 33 
[86,87], Zn [88–100] and Mn [101–103]. Refractory metals, such as W [104–34 
115] and Mo [116–128] and non-metallic elements, i.e. B [129–135] and P 35 
[39,136–139], can be only co-deposited.  36 
 37 
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2.2.1. Ni alloys with alloying elements that can be individually deposited  1 
2.1.1.1. Ni-Ag  2 
Ag and Ni are thermodynamically immiscible in any state (liquid or solid), i.e. 3 
the solubility of Ni in Ag is about 0.02 at. % at 400ºC. However, the formation 4 
of a metastable supersaturated solid solution of Ni-Ag thin films has been 5 
reported by electrodeposition. Ni-Ag alloys can be considered as a proper low-6 
cost barrier layer in electrical contacts. Ag and Ni have a huge difference in 7 
their redox potentials (0.799 VSHE vs. -0.257 VSHE for Ag and Ni, respectively). 8 
Because of this gap, Ag tends to be deposited under diffusion control that makes 9 
the final surface morphology rough and porous (which is highly undesired). 10 
Therefore, a proper complexing agent should be employed to reduce the 11 
potential gap for a successful deposition of a Ni-Ag film [54].  12 
A complexing agent for Ni-Ag deposits is considered proper when it makes 13 
stronger complexes with Ag than Ni. Citrate and thiourea (TU) are two most 14 
known complexing agents that were widely used as levelers and brighteners. 15 
Citrate complexes with Ni are notably stronger than those with Ag, and thus 16 
citrate complexes led to a high gap between the Ag and Ni redox potentials 17 
(about 1100 mV). Instead, TU had the required properties as a proper 18 
complexing agent since it decreased the gap down to less than 330 mV. In the 19 
presence of TU, the co-deposition of Ni occurs at more positive potentials than 20 
expected from the Nernst equation. S will be also incorporated into the Ag-Ni 21 
deposits [54].  22 
The co-deposition amount of Ag depends on the concentration of the used 23 
complexing agent; a higher concentration of complexing agent increases the Ag 24 
content of Ni-Ag films. Despite their granular morphology, Ag-Ni films showed 25 
a superior corrosion resistance to pure Ni. It was reported that incorporation of 26 
Ag in small contents (up to 7 at. %) highly increases the corrosion potential and 27 
enhances the corrosion resistance due to the formation of a supersaturated 28 
solution. At higher Ag contents, however, Ni-rich and Ag-rich phases are 29 
formed that decrease the corrosion resistance due to the galvanic corrosion 30 
between them [57].  31 
Eom et al. [55] employed the galvanostatic method to generate Ni-Ag thin 32 
layers with citrate ions as complexing agents and investigated the effect of the 33 
applied current density, the concentration of Ag ions, and pH of electrolyte on 34 
the surface morphology and composition of the obtained films. A minimum 35 
concentration of Ag ions (0.005 M) found necessary for Ag deposition. The 36 
applied current density was found to be the most important factor in the 37 
deposition of Ag and Ni. Deposition of Ag is favored at low current densities, 38 
while Ni deposition is higher at high current densities. The obtained coatings at 39 
low current densities showed a highly dendritic structure that is undesired for 40 
contact materials. The higher deposition rate of Ni was observed in acidic 41 
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media. However, increasing the pH increased the Ag content. This observation 1 
was attributed to the role of citrates that made stronger complexes of Ag at 2 
higher pH values. The surface morphology of Ni-Ag deposits consists of 3 
granular features, while pure Ag and Ni present bean-like and sheet-like 4 
morphologies, respectively [56].  5 
 6 
2.1.1.2. Ni-Cu 7 
During the deposition of Ni-Cu coatings, Cu will be deposited first due to its 8 
nobler potential. This results in a non-uniform distribution of current density, 9 
and the deposited Cu acts as a nucleation site for the reduction of Ni ions. In 10 
such conditions, the deposition of Cu is controlled by diffusion, and it is 11 
incorporated into the film during the prominent deposition of Ni. At high 12 
concentration, however, the high applied overpotential leads to the formation of 13 
dendritic structures that is highly undesired [140]. As a result, the addition of a  14 
small amount of Cu could highly affect the nucleation and growth mechanism 15 
of the coatings and subsequently the surface morphology and other properties 16 
[67].  17 
Cu is one of the most investigated alloying elements of Ni deposits, and a 18 
comprehensive literature review about it can be found in Ref. [4]. To 19 
summarize, complexing agents, like citrates, are necessary to obtain proper Ni-20 
Cu coatings. Otherwise, unsatisfactory coatings with nonhomogeneous dendritic 21 
structures will be formed. The employed current density also can determine the 22 
structure of Ni-Cu coatings; i.e. higher current densities increased the amount of 23 
Ni but the obtained coatings were greyish with a black powdery nature. The 24 
coatings, however, were uniform, bright, smooth, and copper colored at low 25 
current densities. Stirring the electrolyte during the process also affects the 26 
properties of coatings, because it increases the mass transfer. Stirring changes 27 
the appearance of coatings from a black, powdery, and not shiny aspect to a 28 
reddish brown metallic look. The electrolyte composition also plays an 29 
important role in the formation of the coating. While a slight change of Ni salt 30 
concentration has no noticeable effect on the coating properties, the same 31 
change for Cu salt concentration, or complexing agent, i.e. citrate ions, 32 
noticeably affects the Cu content of the coating. Moreover, higher pH values 33 
apparently favor the deposition of Cu, and thus the obtained coatings are Cu 34 
richer compared to lower pH values. Such behavior was observed with Ag as 35 
well, meaning that it can be expected for all metals much nobler than Ni.  36 
 37 
2.1.1.3. Ni-Co 38 
Ni and Co form a solid solution over the whole concentration range. Ni-Co 39 
films are known to offer better adhesion, mechanical properties, higher 40 
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hardness, corrosion resistance, thermal stability, magnetic properties, and 1 
composite ability than pure Ni [69]. The deposition of Ni-Co coatings occurs by 2 
preferential deposition of the less noble metal (here Co) [141]. The anomalous 3 
deposition happens due to kinetic factors, i.e Co(II) reaches mass transfer 4 
limitation at less cathodic potentials compared to Ni(II). This condition, 5 
however, is only for short coating times; thus the anomalous deposition 6 
diminishes at longer process times [75]. The mechanism of the anomalous 7 
deposition of Ni-Co coatings can be found in Ref. [4].  8 
Pellicer et al. [2] investigated the effects of the used salt: the coatings obtained 9 
from sulfate baths present a finer structure and smaller grain size, and thus 10 
lower roughness, shinier surface, and higher hardness. Moreover, the coatings 11 
obtained from sulfate and chloride baths have an fcc and hcp structure, 12 
respectively. The anomalous deposition was more evident for chloride baths. 13 
Increasing pH and Co/Ni ion ratio induced the deposition of Co. Films with low 14 
Co contents were solid solutions with fcc structure, while those with high Co 15 
content presented an extra hcp Co phase as well [76]. The deposited Co acts as 16 
nucleation site for Ni ions, therefore, films with finer grains are formed [69]. As 17 
a result, electrodeposition of these alloys usually leads to the formation of rough 18 
surfaces that is interesting for their superhydrophobic capabilities [71], but will 19 
have a negative effect on the porosity of the applied noble top-coats.  20 
Nowadays Co is considered a toxic metal, due to its effects on hearing and 21 
visual impairment, and cardiovascular and endocrine deficits [142]. Co salts 22 
have been recently categorized as substances of very high concern, and thus, its 23 
electroplating is likely to face strict regulations soon [143].  Therefore, Co, even 24 
though it promotes the properties of Ni deposits, cannot be considered as a 25 
proper alloying element.   26 
 27 
2.1.1.4. Ni-Sn 28 
Ni-Sn alloys have a dense and less porous surface compared to the unevenly 29 
nodular surface of the individual deposits. More compact and finer grain films 30 
formed when Sn is co-deposited alongside Ni atoms. Ni-Sn films form a dense 31 
NiSnO3 oxide during corrosion that gives them a unique passivation up to 1200 32 
mV (vs. SHE) even in the presence of Cl ions [32].  These films also own a 33 
bright appearance, a high tarnish resistance, and a high hardness (6-7 GPa) 34 
[144].  Ni-Sn coatings have no known health concern; they present a corrosion 35 
rate of 0.1 µg/cm
2
/week in artificial sweat that proves their immunity against 36 
promoting Ni allergy [32]. The use of Ni-Sn films as the barrier layer is 37 
reported to improve the wear resistance of electrical contacts. As a result, these 38 
alloys are especially interesting for electronic industries [82].  39 
14 
 
Sn forms an insoluble basic salt when it is added to large amounts of water with 1 
neutral or slightly acidic pH values [145]. Therefore, a high concentration of 2 
complexing agents and various additives, such as gelatin or cresol, should be 3 
used to deposit a proper Ni-Sn films [79,144]. The deposition electrolyte of Ni-4 
Sn coatings is, therefore, very complicated. This complexity is their main 5 
disadvantage since the composition of the bath and the deposition parameters 6 
need to be closely controlled.  7 
A chloride-fluoride aqueous electrolyte, that is highly toxic, is normally used to 8 
form Ni-Sn films. A pyrophosphate bath is an alternative with lower toxicity 9 
[146]. However, the quality of the coatings obtained from a pyrophosphate bath 10 
is not as appealing as those obtained from chloride-fluoride electrolytes [144]. 11 
Therefore, chloride-fluoride baths are still the most used electrolyte to form Ni-12 
Sn coatings [147]. Shekhanov et al. [148] used an oxalate-sulfate bath as an 13 
alternative. They found that the oxalate-sulfate bath offers a higher throwing 14 
power, a finer crystalline structure, and a better corrosion behavior. Rudnik 15 
[147] studied the effect of sulfate ions on the properties of Ni-Sn 16 
electrodeposited alloys. The sulfate ions were found to inhibit the deposition of 17 
Ni ions due to the formation of complexes that reduce the cathodic reaction rate. 18 
This inhibition leads to an improved surface morphology of Ni-Sn films. It was 19 
also found that the deposition of Sn occurs under limiting current and the 20 
growth of the Ni-Sn alloy is controlled by an instantaneous nucleation 21 
mechanism. The use of ILs, as an alternative to aqueous electrolytes, to form 22 
superior Ni-Sn films has also been investigated [82]. 23 
The phase composition of Ni-Sn films depends on the used electrolyte. NiSn 24 
[144,147] is the main reported phase for the common chloride-fluoride baths. 25 
However, the formation of other intermetallic compounds such as Ni3Sn2 26 
[146,149], Ni4Sn [147], NiSn3 [147], and NiSn9 [147] have also been reported 27 
for other electrolytes. Note that NiSn, Ni3Sn4 and Ni3Sn2 phases present very 28 
similar diffraction patterns [147].  29 
Intermetallic compounds form in the solid state during simultaneous deposition 30 
of Sn and Ni. NiSn intermetallic compounds are deposited at potentials higher 31 
than the deposition of Sn and Ni due to the interaction of the atoms. Therefore, 32 
the deposition of intermetallic compounds is thermodynamically favored. Note 33 
that kinetic factors also play an important role in the deposition of intermetallic 34 
compounds. For example, NiSnF6 complexes are found to be responsible for the 35 
deposition of the NiSn intermetallic compound from the common chloride-36 
fluoride baths [147].  The mentioned intermetallic compounds can be obtained 37 
only through electrodeposition [32]. 38 
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The deposition current density and the concentration of the Sn source are the 1 
most important determining factors for Ni-Sn films. For example, the surface of 2 
Ni-Sn films changes from a smooth and fine grain morphology at low current 3 
densities to a nodular appearance with particles about 15 µm at high current 4 
densities [144]. Increasing the deposition current density increases the Ni 5 
content of Ni-Sn films [149]. Shetty et al. [146] prepared Ni-Sn films from an 6 
alkaline electrolyte at different current densities (1-4 Adm
-2
) and studied their 7 
corrosion behavior. They found that films obtained at lower current densities 8 
offer a better corrosion resistance due to their higher Sn content and smoother 9 
morphology. The phase structure of their films, regardless to their deposition 10 
current density, was a homogenous intermetallic compound, i.e. Ni3Sn2.  11 
Sn, noting the above information, seems to be a very good candidate for 12 
alloying Ni barriers in electrical contacts.  13 
 14 
2.1.1.5. Ni-Cr 15 
Cr is known for its corrosion and wear resistance. However, it is also famous as 16 
a highly toxic metal and its usage is internationally restricted [150–153]. 17 
Moreover, Ni-Cr films are prone to the formation of surface cracks [86,87]. 18 
Therefore, Cr is not a proper alloying element for Ni barrier layers, even though 19 
very appealing properties have been reported for Ni-Cr films [86,87,154]. 20 
 21 
2.1.1.6. Ni-Zn 22 
Alloying Ni with Zn is expected to improve the corrosion performance [99]. 23 
The individual deposition of Zn is possible only from basic solutions due to the 24 
well-known inhibiting effect of Zn on the autocatalytic deposition [88]. Metallic 25 
ions form stable complexes in highly alkaline baths that can precipitate. The 26 
precipitation of these complexes decreases the reduction ability of ions and the 27 
stability of the bath. To avoid this precipitation, sodium citrate and ammonium 28 
chloride are usually added to the deposition bath [90]. Deposition of Ni-Zn 29 
alloys is possible in both acidic [91–93,96] and basic [89,90] baths. The 30 
anomalous deposition of Zn and Ni ions is reported to happen in baths with pH 31 
below 9 [90]. The addition of Zn into the Ni bath hinders the reduction of Ni 32 
and its co-deposition (more than 7 wt.%) in the fcc structure of Ni highly 33 
decreases the coating’s grain size [92].  34 
The pH of the bath has important effects on the composite and morphology of 35 
the deposits. For example, increasing the pH from 8 to 11 increased the 36 
deposition of Ni, hence decreased the co-deposition content of Zn, changed the 37 
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dark deposits to shiny ones, shifted the corrosion potential to more anodic 1 
values, and decreased the corrosion current density [90]. Moreover, flower-like, 2 
spherical, and dendritic morphologies are obtained depending on the pH of the 3 
deposition bath [94]. However, Ni-Zn coatings usually present a cracked surface 4 
due to the inclusion of the hcp Zn into the fcc Ni [90,91]. They have also a 5 
lower corrosion resistance compared to Ni films due to the formation of 6 
corrosion cells between Zn and Ni [97].  As a result, Zn cannot be considered as 7 
a good alloying element for Ni barriers. 8 
 9 
2.1.1.7. Ni-Mn 10 
The co-deposition of Mn improves the mechanical properties, temperature 11 
resistance, and plasticity of Ni deposits. However, Mn is generally the least 12 
noble metal that can be electrodeposited from aqueous solutions. The co-13 
deposition of Mn with Ni is highly challenging due to the high difference 14 
between their standard electrode potentials (-0.257 V and -1.185 V vs. SHE for 15 
         and         , respectively). The high cathodic potential of Mn causes 16 
an intensified hydrogen evolution that subsequently decreases the current 17 
efficiency and adhesion of the obtained coatings. As a result, non-aqueous 18 
solutions should be employed to form proper Ni-Mn coatings [101].  19 
The presence of Mn in the Ni-Mn film can strongly inhibit the dissolution of Ni. 20 
In contrary, the use of glycine as complexing agent enhanced the dissolution of 21 
both Ni and Mn. Glycine forms a strong complex with Ni that decreases the 22 
deposition of Ni, but it increases the adsorption of Mn ions at the surface and 23 
thus increases the Mn content inside the layer. As a result, the co-deposition of 24 
Mn depends on the concentration of the complexing agent [101].  25 
The use of glycine affects the nucleation and growth mechanism of Ni-Mn 26 
films; it can weaken the mode of island growth (Volmer-Weber type) and 27 
gradually changes it into the mixed mode of layer-plus-island growth (Stranski-28 
Krastanov type). The formation of more uniform and compact films was 29 
reported in the presence of glycine. Coatings with a small content of Mn (3.1 at. 30 
%) had the highest corrosion resistance. However, coatings with higher Mn 31 
contents were found to have a lower corrosion resistance [101]. The 32 
incorporation of more Mn occurred in the presence of a higher concentration of 33 
glycine that has a negative effect on the corrosion resistance of thin films [155]. 34 
Therefore, the decrease of the corrosion resistance could be due to the higher 35 
concentration of glycine as well as the higher Mn content.  36 
The applied current density is another determining factor that affects the 37 
chemical composition and surface morphology of Ni-Mn films; only Ni will be 38 
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deposited at low current densities (less than 3 mA/cm
2
), and the co-deposition 1 
of Mn happens at higher current densities. The surface morphology changes 2 
from “pyramid” shapes (1 mA/cm2) to “cauliflower-like” shapes with several 3 
leaves (3 mA/cm
2) and finally to “tumor-like” shapes (more than 6 mA/cm2). A 4 
solid solution with an fcc structure was formed by the co-deposition of Mn due 5 
to the absence of any intermetallic compounds [101].  6 
Increasing the Mn salt concentration, and employing higher current densities 7 
lead to more incorporation of Mn inside Ni-Mn films, however, cracked 8 
surfaces appeared at high Mn contents due to increasing internal stress [102]. 9 
Therefore, it seems that alloying Ni with highly cathodic elements leads to 10 
cracked surfaces, and thus, alloys with a low content of alloying elements 11 
should be employed since they offer finer structures and better properties.  12 
 13 
Nonetheless, all of these alloys have crystalline structures. They have crystalline 14 
defects like grain boundaries that act as short-circuit diffusion paths [28,128]. 15 
Therefore, amorphous films that are considered as better diffusion barriers made 16 
the second type of Ni alloys more interesting. 17 
 18 
2.2.1.  Ni alloys with alloying elements that can be only co-deposited  19 
 20 
2.1.2.1. Ni-refractory metals  21 
The refractory elements, such as W and Mo, are known to be corrosion resistant 22 
elements due to their ability to form a passive layer in aqueous media [120]. 23 
The formation of Ni-Mo (Ni-W)  alloys with thermal techniques is not 24 
economically justified due to the high melting temperature of refractory metals 25 
[119]. For example, there is a huge difference between the melting points of Ni 26 
and Mo  (1455 and 2620 ºC for Ni and Mo, respectively) and they have a 27 
limited mutual solubility [124]. Therefore, the electrochemical deposition of Ni-28 
refractory metal alloys has gained a lot of interest. Note that refractory metals 29 
can be only incorporated inside the growing Ni films, which is known as 30 
induced co-deposition [128].  31 
Sodium tungstate (for Ni-W) or sodium molybdate (for Ni-Mo) are usually 32 
added instead of sulfate or chloride salts as source of refractory metals. Given 33 
the fundamental similarities of refractory metals, this part is focused only on Ni-34 
Mo films.  35 
The co-deposition of refractory metals with Ni increases the hardness, tensile 36 
strength, wear resistance, thermal stability, physical and electrical properties, 37 
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and corrosion resistance. As an example, Ni-Mo coatings are found to be a 1 
supersaturated solid solution with a relatively high residual stress (400-600 2 
MPa), a nano-crystalline structure (2-15 nm), a high hardness (close to 800 3 
HV), and a good corrosion resistance [124]. These films are usually formed in 4 
an alkaline citric acid- ammonia bath with sodium citrate as a complexing agent. 5 
Increasing the content of the refractory metal decreases the grain size and can 6 
lead to the formation of an amorphous deposit. However, coatings with high 7 
contents of refractory metals become brittle and cracked due to an increase in 8 
their internal stress [112,115,119,127].  9 
The mechanism of the incorporation of refractory metals is not fully understood. 10 
The following multi-step mechanism is suggested to explain the co-deposition 11 
of Mo from its anionic form    
   [118]. The first step is the reduction of 12 
    
   to an intermediate            
   in the presence of a complexing 13 
agent (here citrate ions):  14 
    
   +          +      +   
              
  +        ( 5)15 
  16 
This intermediate compound then acts as a catalyzer for the reduction of Mo in 17 
the metallic state. 18 
           
  +      +   
     +           +        ( 6) 19 
Lehman et al. [124] showed that the formation of homogenous, smooth, and 20 
compact Ni-Mo films with high adhesion, high hardness, and high wear 21 
resistance is possible using DC plating. The applied current density was found 22 
to be the most important operating factor; it determines the chemical 23 
composition, surface morphology, crystallite size, electrical conductivity, 24 
hardness, and corrosion resistance of electrodeposited Ni-Mo films [120]. Low 25 
current densities in alkaline baths at slightly higher temperatures (40 ºC) are the 26 
best conditions to form dense Ni-Mo coatings [119].  27 
Haung et al. [127] used the pulse electroplating method to form Ni-Mo 28 
coatings. They found that the coating with around 30% Mo had the best 29 
hardness and corrosion resistance. However, while the Ni-30Mo coating had a 30 
better corrosion resistance than pure Ni (around 10 times better), it did not have 31 
the common passivation behavior of Ni. Therefore, Ni-30Mo would have a fast 32 
dissolution at high potentials. Ni-30Mo had also a more negative corrosion 33 
potential. As a result, films with a high content of refractory alloying elements 34 
should be avoided for a barrier layer purpose. 35 
 36 
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2.1.2.2. Ni-B 1 
Incorporation of a small amount of B or P inside the iron group coatings 2 
increases the resistivity value of these coatings and transforms their structure to 3 
an amorphous state with improved magnetic properties, ductility, and corrosion 4 
resistance [156]. Ni-B coatings are well known due to their high wear and 5 
abrasion resistance, low porosity, high adhesion, thickness uniformity, fine 6 
solderability, good conductivity, and cost-effectiveness [48,133,134].  7 
The incorporation of B inside the Ni lattice decreases the grain size and changes 8 
the morphology from a faceted to a dome-like one. The mechanism of 9 
incorporation of B inside Ni lattice is not yet completely understood, but it is 10 
assumed that the B source is adsorbed on the surface of the deposited Ni and 11 
then decomposes to the elemental B. The amount of B co-deposition, therefore, 12 
depends on the concentration of its source and the thickness of the diffusion 13 
layer. It is assumed that the applied current density (or potential) has no effect 14 
on the content of B. However, the effects of B depends on its source inside the 15 
electrolyte, i.e. boric acid, boron hydrides, boron carboranes, trimethylamine 16 
borane, and dimethylamine borane [48,129].  17 
Generally, coatings with 4 wt.% or more B content are known to be amorphous. 18 
However, in the case of using sodium decahydridodecaborane (Na2B10H10), 19 
coatings with B content less than 6 at.% had a polycrystalline structure, the ones 20 
with B content between 6 to 20 at.% had a mixed crystalline and amorphous 21 
structure, and those with more than 20 at.% B content were completely 22 
amorphous. Coatings from a trimethylamine borane source kept a significant 23 
crystallinity even with more than 20 at.% B content [48,129].  24 
Ni-B coatings have a superior hardness, wear resistance, and a slightly better 25 
oxidation resistance than Ni-P coatings, however, they do not offer a high 26 
corrosion resistance [130–132]. Moreover, Ni-B coatings have a more cathodic 27 
potential than Ni-P ones [139]. Choi et al. [157] compared Ni-B and Ni-P 28 
coatings as diffusion barriers on Cu and reported that Ni-P is more effective due 29 
to the higher decomposition temperature of Ni3P than Ni3B. Therefore, Ni-P 30 
coatings can be considered to generally offer better barrier properties.  31 
 32 
2.1.2.3. Ni-P 33 
Ni-P coatings are important engineering alloys because they have an interesting 34 
combination of properties, i.e. good corrosion and wear resistance, good 35 
solderability, high electrical conductivity, smooth and uniform surface 36 
morphology and low friction coefficient [5,31,158–160]. Ni-P films also own a 37 
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proper adhesion to their substrate that secures the electron transfer [138]. 1 
Compared to Ni coatings, Ni-P films present a bright, shiny, and smooth look 2 
[31], and are less susceptible to oxidation [136].  3 
P can be only co-deposited with iron group metals. Ni
2+
 ions are reduced on 4 
active surface sites of the cathode and then they diffuse to a proper site of the 5 
fcc lattice. P ions are co-deposited in the octahedral interstitial sites due to a 6 
strong atomic interaction between Ni and P ions [31]. The following mechanism 7 
has been suggested for deposition of Ni-P films [136]:  8 
The reduction and deposition of Ni ions occur as: 9 
Ni
2+
 + 2e
-
 ⇌ Ni(s),      Eº (V) = -0.25   ( 7) 10 
The co-deposition of P ions happens as: 11 
H3PO3(aq) + 3H
+
 + 3e
-
 ⇌ P(red) + 3 H2O,  Eº (V) = -0.454   ( 8) 12 
The co-deposited P atoms hinder the Ni diffusion that impedes crystallite 13 
growth. A colony like morphology will be formed in the presence of a certain 14 
content of P. As the P content increases, the number and size of grains increases 15 
and decreases, respectively. This means that the surface morphology will be 16 
refined from coarse micrometer grains to smooth nanometric ones.  17 
The amount of P in the alloy affects its crystallographic structure, and 18 
increasing the P content will change the structure from crystalline to nano-19 
crystalline and finally to an amorphous state.  There is not a known specific 20 
amount but a range of P content where the crystalline to amorphous transition of 21 
Ni-P coatings occurs [31]. However, coatings with P contents higher than 8% 22 
present usually an amorphous structure [158].  23 
The electrochemical reactions occurring during deposition depend on the 24 
electrolyte type. Therefore, the composition of the bath affects the properties of 25 
the deposited coatings. These effects are related to the formation of metal 26 
complexes; e.g. sulfates make more stable complexes with metallic cations 27 
compared to chlorides [2]. Sknar et al. [5] have investigated the effects of the 28 
type of used Ni salt. They have compared the composition and hardness of Ni-P 29 
films obtained from methanesulfonate and sulfate electrolytes. The films 30 
obtained from the former group showed higher hardness and lower P content. 31 
This was attributed to the incorporation of nickel hydroxide that occurred due to 32 
the lower buffering properties of the methanesulfonate bath. The pH of the bath 33 
is another important factor for the P content of the films. It was found that 34 
decreasing the pH leads to a notable decrease in the internal stress of the 35 
coatings [160]. 36 
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The good corrosion resistance of Ni-P coatings comes from their enriched P 1 
surface that is formed by the dissolution of Ni occurring in the early stages of 2 
corrosion. The surface of Ni-P films can be passivated by the formation of a 3 
layer of adsorbed hypophosphite anions. This passivated surface hinders more 4 
dissolution of Ni and thus improves the corrosion resistance [30,72]. Ni-P films 5 
have a higher hardness and lower elastic modulus compared to Ni coatings. 6 
However, a peak for hardness as a function of P content was observed, i.e. a 7 
nano-structured coating with 4-7% P was harder than an amorphous one with 8 
higher P contents [31]. 9 
The authors have recently published a paper about improving the corrosion 10 
behavior of Ni-P films using organic additives [155]. It was found that 11 
employing a small concentration of glycine, pyridinium propyl sulfonate, 12 
cerium sulfate, and sodium citrate increase the incorporation of P about 4%, 13 
improves the corrosion resistance about 3 times and decreases the roughness 14 
about 160 nm. Therefore, utilizing these additives could be the most practical, 15 
economical, and feasible way to improve the corrosion resistance and decrease 16 
the surface roughness of Ni-P films.  17 
When P is co-deposited with Ni ions, it affects the dissolution equilibrium of Ni 18 
during the corrosion process by forming a partial covalent bond [73]. Therefore, 19 
a pseudo-passivation region in the anodic branch of the obtained Ni-P coatings 20 
can be usually seen in their Tafel plots, meaning they have a higher Ni stability 21 
at higher potentials [11]. Therefore, Ni-P films are suitable candidates for 22 
barrier purposes in electrical contacts.  23 
Murugan et al. [27] characterized the corrosion performance of Ni/Au, Ni-P/Au, 24 
Ni-P/Ni/Au, Ni/Ni-P/Au, and Ni-P/Ni/Ni-P/Au multi-layer electronic contacts. 25 
They found out that all of these systems suffer from a localized pitting corrosion 26 
due to the large cathode (Au) – small anode (Ni or Ni-P) phenomenon. They 27 
have also reported that eliminating the Ni/Ni-P interface improves the corrosion 28 
performance because Ni and Ni-P layers form a galvanic couple. They reported 29 
that the pit propagation in Ni-P/Ni and Ni/Ni-P layers are horizontally and 30 
vertically, respectively. As a result, individual amorphous Ni-P films should be 31 
used, however, their properties still can be improved. 32 
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 1 
Figure 6. The corrosion mechanism in (a) Ni-P/Ni, and (b) Ni/Ni-P barrier films [27]. 2 
 3 
To summarize, the chemical composition, surface morphology, and crystalline 4 
structure of some of the Ni alloy deposits are presented in Table 1. It can be 5 
seen that Ni-P is the only alloy that can provide the desired properties of a 6 
proper barrier layer (spherical morphology with amorphous structure) at a low 7 
content of the alloying element. This alloy is therefore further investigated in 8 
the following. 9 
Table 1. Chemical composition, surface morphology, and crystalline structure of Ni-alloy 10 
deposits 11 
Coating Chemical Composition Surface  Morphology Crystalline Structure Ref. 
Ni-Ag Ni-20 Ag (at.%) Dendritic Crystalline (fcc) [54] 
Ni-Ag Ni-5 Ag (at.%) Spherical Crystalline (fcc) [55] 
Ni-Co Ni-8 Co (wt.%) Pyramidal-shaped Crystalline (fcc) [69] 
Ni-Sn Ni-60 Sn (wt.%) Pyramidal-shaped Intermetallic [82] 
Ni-Cr Ni- 20 Cr (wt.%) Spherical Crystalline [86] 
Ni-Zn Ni- 4 Zn (wt.%) Pyramidal-shaped  Crystalline (fcc) [92] 
Ni-Zn Ni- 50 Zn (wt.%) Spherical Amorphous [92] 
Ni-Mn Ni-9 Mn (at.%) Spherical Crystalline (fcc) [101] 
Ni-W Ni-30 W (wt.%) Pyramidal-shaped Crystalline (fcc) [115] 
Ni-Mo Ni-5 Mo (wt.%) Spherical Crystalline (fcc) [124] 
Ni-Mo Ni-22 Mo (wt.%) Spherical Amorphous [124] 
Ni-B Ni-5 B (wt.%) Spherical Crystalline [129] 
Ni-P Ni-8 P (wt.%) Spherical Amorphous [39] 
 12 
2.1.3. Ternary Ni alloys 13 
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Ternary Ni alloys could also be employed as barrier films in electronic contacts. 1 
Ni-P ternary alloys are presented in this part since they can enhance the 2 
desirable properties of Ni-P coatings.  As an example, noble metals act as 3 
nucleation sites and thus alloying Ni-P with a small amount of nobler metals, 4 
such as Cu, leads to coatings with a finer microstructure. The properties of some 5 
ternary Ni-P films with different alloying elements are listed in Table 2. The 6 
following equation is used to measure the improvement by alloying elements of 7 
the Ni-P films:  8 
           
  
  
              ( 9) 9 
Q corresponds to C, F, R, and H for corrosion resistance, friction coefficient, 10 
roughness, and hardness. When an increase means an improvement, for example 11 
corrosion resistance and hardness,    and    are related to Ni-P and modified 12 
Ni-P, respectively. When a decrease means an improvement, for example 13 
corrosion current density, roughness, friction coefficient,    and    are 14 
representing modified Ni-P and Ni-P, respectively.  15 
 16 
 17 
 18 
 19 
Table 2. The effect of alloying element on the properties of Ni-P films; deposition method 20 
(DM; Electroless: EL, and Electrodeposition: ED), corrosion resistance improvement (C.I), 21 
corrosion potential variation (∆E), corrosive media (CM), friction coefficient improvement 22 
(F.I), roughness improvement (R.I), and hardness improvement (H.I) 23 
System DM 
Corrosion Properties Mechanical Properties 
Ref. C.I 
% 
∆E 
(mV) 
CM 
F.I 
% 
R.I 
% 
H.I 
% 
Ni-8.6P-6.2Cu/Cu EL 97.2 -82 
Flue 
gas 
- - - [58] 
Ni-4.0P-7.0Cu/Mg EL 73.9 60 NaCl - - - [61] 
Ni-12.3P-4.3Cu/Fe EL 12.9 75 NaCl - - - [62] 
Ni-6.8P-0.1Cu/C EL 99.5 15 KOH - - - [65] 
Ni-8.5P-0.3Cu/Fe EL - - - 28.6 33.3 - [66] 
Ni-14.0P-6.3Cu/Fe EL 27.8 46 NaCl - - - [68] 
Ni-11.3P-2.6Cu/Al EL 
97.1 
88.9 
520 
390 
NaCl 
H2SO4 
- - - [85] 
Ni-10.6P-9.3Cu/Fe EL 
-15.0 
-284.0 
20 
-85 
NaCl 
HCl 
- -166.7 3.8 [161] 
Ni-P-Co/Al EL 22.4 60 NaCl - - - [72] 
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Ni-2.2P-45.0Co/Fe EL - - - -5.8 -207.1 20.9 [74] 
Ni-9.2P-10.1Sn/Fe EL 51.1 322 NaCl 15.1 - - [78] 
Ni-15.6P-4.0Sn/Cu EL 24.6 90 H2SO4 - - - [81] 
Ni-8.5P-2.5Sn/Mg EL 
70.3 
90.6 
136 
109 
NaCl 
HCl 
- - 13.4 [84] 
Ni-11.3P-0.5Sn/Al EL 
73.7 
60.7 
61 
265 
NaCl 
H2SO4 
- - - [85] 
Ni-P-Zn/Fe EL -4914.3 -198 NaCl - 2.5 - [95] 
Ni-11.0P-9.9Zn/Al EL -1907.4 13 NaCl - - - [97] 
Ni-2.8P-29.9W/Fe ED 84.1 - NaCl - - 13.8 [104] 
Ni-4.9P-4.5W/Mg EL - - - - - 12.1 [109] 
Ni-5.9P-4.5W/Fe EL 
5.0 
-276.0 
-30 
-200 
NaCl 
HCl 
- -400.0 26.4 [161] 
Ni-12.4P-4.6Mo/Fe EL 61.9 38 H2SO4 - -237.9 - [116] 
 1 
As mentioned, Ni-P films owe their corrosion resistance to the formation of a P-2 
rich surface. The incorporation of nobler metals accelerates the formation of the 3 
P-rich film and thus improves the passivation behavior. They also shift the 4 
corrosion to more anodic regions. Noble metals inside the coatings can reduce 5 
the free energy of the alloy and suppress the cathodic reactions by increasing the 6 
over-potential of hydrogen evolution [30,58,61]. Low Cu content Ni-Cu-P films 7 
found to have a lower friction coefficient, and a lower roughness [66]. High Cu 8 
content ones, however, had slightly higher hardness but rougher surface and 9 
notably lower corrosion resistance [161]. Therefore, noble metals, in small 10 
contents, are very proper alloying candidates for Ni-P barrier films. Cu, on the 11 
other hand, is not a suitable candidate since it defies one of the most important 12 
purposes of barrier films; i.e. avoiding the diffusion of Cu to the noble top-coat.  13 
Sn promotes the formation of amorphous Ni-P films, and highly improves the 14 
corrosion resistance by enhancing the passivation behavior [79]. The 15 
incorporation of Sn found to shift the corrosion potential to more anodic 16 
regions, increase the corrosion resistance, increase the hardness, and decrease 17 
the friction coefficient [81,84,85]. Therefore, Sn is as a proper alloying element 18 
with a similar standard potential to Ni for Ni-P films. 19 
The incorporation of more cathodic elements, like Zn, was found to highly 20 
decrease the corrosion resistance (especially localized corrosion), and slightly 21 
decrease the roughness of Ni-P films [95,97,98]. The incorporation of Zn 22 
hinders the co-deposition of P, i.e. coatings with more Zn content own lower P 23 
[94,97]. The presence of at least 4 wt.% P is necessary to obtain a crack-free 24 
surface [91]. Therefore, more cathodic elements, especially Zn, are not suitable 25 
for barrier goals.  26 
25 
 
The co-deposition of refractory metals; i.e. Mo or W; could enhance the barrier 1 
properties of Ni-P films since these metals accumulate at the grain boundary 2 
and obstruct the diffusion.  Hamid et al. [118] investigated the effects of coating 3 
conditions on the properties of Ni-Mo-P coatings on Cu for diffusion barrier 4 
purposes. They successfully formed highly conductive Ni-Mo-P films with a 5 
solid solution fcc structure. The incorporation of more Mo was reported at 6 
higher deposition current densities. However, high Mo content films were 7 
highly prone to cracking.  8 
A higher Mo content increases the corrosion resistance only when the crystallite 9 
size of Ni-Mo-P films is above 8 nm. The corrosion behavior is determined by 10 
grain boundaries and triple junctions in crystallite size lower than 8 nm. The 11 
applied current density found to have no effect on the chemical composition of 12 
Ni-Mo-P films, while it had a notable effect on their surface morphology [120].   13 
The incorporation of refractory metals hinders the co-deposition of P, however, 14 
Ni-Mo-P films keep their amorphous structure. Therefore, Ni-Mo-P films have 15 
higher electrical conductivity since Mo is a better electrical conducive material 16 
and P has an electrical scattering effect [121,128].  Such coatings offer an 17 
interesting combination of high corrosion resistance [104,113,116,161], and 18 
high hardness and wear resistance [104,108,109,111,161]. However, the 19 
incorporation of refractory metals usually increases the roughness of Ni-P films 20 
[116,161]. As a result, refractory metals, only in low contents, could be 21 
considered as good alloying elements for Ni-P barriers. 22 
2.2. Deposition of Ni composites 23 
Composite films offer a superior corrosion resistance, wear resistance, hardness, 24 
and chemical compatibility [162–164]. The incorporation of particles inside the 25 
film leads to compacter coatings with less defects. Moreover, composite films 26 
have a higher resistance against the diffusion of Cu [165]. The particles could 27 
be categorized based on their type and properties as metallic particles (such as 28 
Ag [164,166–168], Al [169,170], Bi [171], and Ti [172]), hard particles 29 
including oxides, nitrides, and carbides (like Al2O3 [173–178], TiO2 [165,179–30 
185], SiO2 [186–188], ZrO2 [123,189], CeO2 [190], TiN [191,192], Si3N4 [193–31 
195], TiCN [196], TiC [163,197], WC [198,199], SiC [200–208], B4C [209], 32 
and hBN [134,210,211] diamonds [212–214]), and solid lubricants (such as 33 
MoS2 [143,215–217], WS2 [218]). hBN [134,210,211], carbon nano-tubes 34 
(CNTs) [180,207,219–221], graphite [222,223], and PTFE [217,224–227]).  35 
Gugliemi’s model is often employed to explain the incorporation of particles 36 
inside the deposited coatings [48,115,169,186]. Ni ions adsorb on the surface of 37 
particles at the first step. Then these particles with their ionic cloud will diffuse 38 
26 
 
toward the cathode surface and loosely adsorb there. Finally, the reduction of Ni 1 
ions encapsulate these particles inside the coating’s matrix. The incorporated 2 
particles induct a non-uniform distribution of current around themselves and act 3 
as nucleation sites (Figure 7.A). As a result, the incorporated particles can highly 4 
affect the obtained properties, i.e. the morphology, hardness, and corrosion 5 
resistance (Figure 7.B).  6 
 7 
Figure 7.(A) a schematic of a non-uniform distribution of current around an embedded 8 
particle in the growing deposit that could act as nucleation site [143], and (B) schematics of 9 
the effects of the incorporated particles on the structure and corrosion behavior of deposited 10 
coatings [214]. 11 
 12 
The effect of particles depends on their properties; i.e. size, conductivity, 13 
density, zeta potential, and etc. [164].  Table 3 presents the effects of some 14 
particles (using equation 11) on Ni-P films. 15 
Table 3. The effect of embedded particles on the properties of Ni-P films; deposition method 16 
(DM; Electroless: EL, and Electrodeposition: ED), Dispersion method (Mechanical stirring: 17 
M, Ultrasonic assisted: U, Surfactants: S (anionic surfactant: AS, cationic surfactant: CS, 18 
and non-ionic surfactant: NS), corrosion resistance improvement (C.I), corrosion potential 19 
variation (∆E), corrosive media (CM), friction coefficient improvement (F.I), roughness 20 
improvement (R.I), and hardness improvement (H.I) 21 
Particle DM 
Dispersion 
method 
Corrosion Properties Mechanical Properties 
Ref. C.I 
% 
∆E 
(mV) 
CM 
F.I 
% 
R.I 
% 
H.I 
% 
Ag, 2-7 µm EL CS:CTAB + M - - - -13.2 - -12.0 [164] 
Ag, 20 nm EL AS:O7501 + M - - - - - 24.4 [167] 
Al2O3, 80 nm EL CS:CTAB + M - - - 76.3 - 27.3 [164] 
Al2O3, nm EL AS:SDS + M 68.2 160 NaCl -55.0 - 19.8 [173] 
Al2O3, 30 nm EL 
M 
AS: SDBS + M 
AS: SDS + M 
AS: SLS + M 
CS:CTAB + M 
47.8 
50.2-69.0 
18.0 
-31.5 
-9.2 
15 
-21 
5 
47 
9 
NaCl - - - [175] 
Al2O3, 74 nm EL M 67.4 54 - - - 19.6 [176] 
Al2O3, 30-50 nm EL AS:SDS + M - - - - -185.7 6.3 [177] 
Al2O3, nm EL M 25.4 50 - 71.4 - 33.0 [178] 
TiO2, nm ED Sol + M - - - - - 26.8 [179] 
TiO2, 15 nm EL M 23.4 184 NaCl - - - [180] 
TiO2, 250 nm EL M 63.0 74 NaCl - - - [181] 
TiO2, 25 nm EL M 50.5 - NaCl - - - [182] 
27 
 
AS:SDS + M 
CS:DTAB + M 
69.3 
76.8 
TiO2, 21 nm EL M - - - - -41.6 - [165] 
TiO2, nm EL Sol + M 23.3 30 NaCl - - 11.2 [183] 
TiO2, 200-300 nm EL 
Sol + M 
AS:SDS + M 
AS:SDBS + M 
NS:HPMC + M 
- - - - 
-32.2 
-15.9 
-16.4 
-12.6 
11.3 [184] 
TiO2, nm EL M - - - 28.6 - 26.3 [185] 
SiO2, 20 nm EL M 26.0 43 NaCl - - - [186] 
SiO2, nm EL Sol + M - - - 27.7 - 29.6 [187] 
SiO2, 10-20 nm EL M 99.7 154 NaCl - 96.5 59.8 [188] 
CeO2, 20-50 nm ED U - - - - - 20.9 [190] 
TiN, 20 nm EL NS:PEG +M -566.7 - NaCl - - 14.9 [191] 
Si3N4, µm EL M 22.5 23 NaCl - - - [193] 
Si3N4, 0.73 µm EL M - - - - - 21.9 [194] 
Si3N4, nm EL AS:SDS + M - - - 83.3 - 15.8 [195] 
TiCN, 3.4 µm EL M 
71.4 
71.1 
399 
46 
NaCl 
H2SO4 
- - 57.7 [196] 
WC, nm EL AS:SDS + M 75.0 64 NaCl - - 36.2 [198] 
WC, 80 nm EL S + M - - - 39.3 - 25.9 [199] 
SiC, 40 nm EL CS:HTAB + M 77.9 189 NaCl - - 26.8 [202] 
SiC, 40 nm EL CS:CTAB + M 60.9 70 NaCl -24.6 -150.0 9.6 [203] 
SiC, 40 nm EL M -33.0 - NaCl - - 34.8 [204] 
SiC, 20 nm 
SiC, 50 nm 
SiC, 200 nm 
EL CS:CTAB + M 
15.8 
50.7 
24.4 
- NaCl - - - [205] 
SiC, nm EL CS:CTAB + M 77.8 150 NaCl - - - [206] 
SiC, 40 nm EL AS:SDS + M 1.4 23 NaCl - - - [207] 
SiC, 0.5-0.7 µm EL AS:SDS + M 26.6 1 NaCl - - 9.7 [208] 
B4C, µm EL M -1100.0 -223 NaCl - - 41.7 [209] 
DNP, 20 nm EL M 63.5 40 NaCl - - 36.5 [213] 
DNP, 4 nm EL U 59.2 275 NaCl - - - [214] 
MoS2, 80-100 nm EL M -311.1 40 NaCl - - - [215] 
MoS2, µm EL CS:CTAB + M 
-226.6 
-246.8 
-55 
-33 
NaCl 
H2SO4 
50.0 - - [217] 
 1 
Table 3. 2 
Particle DM 
Dispersion 
method 
Corrosion Properties Mechanical Properties 
Ref. C.I 
% 
∆E 
(mV) 
CM 
F.I 
% 
R.I 
% 
H.I 
% 
WS2, 2 µm EL S + M 35.5 - NaCl 26.3 65.8 51.5 [218] 
hBN, 0.5-0.7 µm EL CS:CTAB + M 9.2 80 NaCl - -56.1 -10.6 [210] 
hBN, 0.5 µm EL CS:CTAB + M - - - 31.8 -7.2 -10.2 [211] 
CNT, 5 nm EL M 53.6 324 NaCl - - - [180] 
CNT, nm EL AS:SDS + M 43.8 40 NaCl - - - [207] 
CNT, nm EL M 97.5 205 NaCl - - 5.6 [219] 
CNT, 40-60 nm EL AS:SDS + M 32.7 30 NaCl - - 24.7 [220] 
CNT, nm EL CS:CTAB + M 54.7 120 NaCl 50.0 32.8 27.5 [221] 
Graphite, 40 nm ED M - - - 54.0 - 16.7 [222] 
PTFE, µm EL CS:CTAB + M 53.2 116 NaCl - - - [217] 
28 
 
92.1 452 H2SO4 
PTFE, nm EL CS:FC-4 + M 45.4 158 NaCl - - - [224] 
PTFE, 0.2 µm EL 
AS:SDS + M 
CS:CTAB + M 
NS:PVP + M 
0.0 
93.8 
75.0 
- NaCl - - - [226] 
PTFE, 0.3 µm EL NS:CO-890 + M 35.0 0 NaCl 50.0 - -56.6 [227] 
 1 
Micrometer and sub-micrometer particles could induce cracks and pores in the 2 
surface and decrease the surface uniformity. The removal of loosely embedded 3 
particles leaves holes behind that make the coatings vulnerable to corrosion 4 
[169,209,217]. Therefore, nanometer particles are superior to micrometer ones. 5 
However, very small particles (< 20 nm) have a high tendency of 6 
agglomeration, and very big particles (> 200 nm) are reported to not be able to 7 
impose a notable effect on deposits [205]. 8 
An optimum concentration of particles is usually reported 9 
[133,134,143,172,173,195,199,219]. Agglomeration occurs at higher 10 
concentrations that diminishes their influence. Note that the incorporation of 11 
particles inside Ni-P films impedes the deposition of P [163,181]. The corrosion 12 
resistance of composite films may be decreased at low concentrations of 13 
particles. 14 
The particles conductivity is another determining factor that affects the 15 
properties of composite films.  Inert particles (like Al2O3 [169]) will be 16 
uniformly distributed inside deposits and enhance their properties. However, 17 
high conductive particles (such as TiN [191] and MoS2 [215]) lead to the 18 
formation of a rough surface with nodular morphology, a porous structure, and a 19 
low corrosion resistance. The incorporation of inert hard secondary particles, 20 
based on Table 3, improves the corrosion resistance and hardness of films, 21 
however, increases the roughness of the surface as well. Solid lubricating 22 
particles, except CNTs, decrease the hardness of films. CNTs, on the other 23 
hand, improve all desired properties and thus could be considered the best 24 
candidate for forming Ni-P barrier films.  25 
Nonetheless, the key to improve the properties is to obtain well-dispersed 26 
structures. The major challenge is to keep the particles in a stable suspension 27 
since they have a high tendency of agglomeration due to their high surface 28 
activity [162,179]. Mechanical stirring [181,219,228], ultrasonic agitation 29 
[99,190,213], surfactants [174,175,229], and sol-enhanced electroplating 30 
[133,168,179] are the main employed methods to enhance the dispersion of 31 
particles.  32 
29 
 
 1 
2.2.1. Particle dispersion by mechanical stirring  2 
The bath is usually stirred mechanically to keep the particles in suspension 3 
during the deposition of composite coatings. The stirring speed has been shown 4 
to have an important impact on the incorporation of nanoparticles into the 5 
deposited metals. The incorporation rate has been reported to increase with 6 
increasing the stirring rate up to a certain speed and then decrease again in faster 7 
rotations [162]. 8 
2.2.2. Ultrasonic assisted particle dispersion 9 
The ultrasonic assisted method is commonly used to disperse particles. 10 
Ultrasonic waves form cavitation bubbles inside the bath. These bubbles then 11 
will implode in an asymmetric way while they are moving at a high speed. This 12 
unique stirring is called the cavitation phenomenon. It will agitate the bath, 13 
especially near the electrode surface, in a much greater extent than could be 14 
achieved by mechanical stirring. Such turbulence found to also impose catalytic 15 
effects on the occurring chemical reactions and ease the detachment of the 16 
formed hydrogen bubbles (degassing) during the deposition process. As a result, 17 
using ultrasonic waves not just stabilizes the particles suspension, but leads to 18 
the formation of denser coatings with superior properties including higher 19 
adhesion to the substrate, and higher electrical conductivity [21,22,230].  20 
2.2.3. Particle dispersion using surfactants 21 
Surfactants, as the most used method of dispersing particles, are organic 22 
amphiphilic compounds, i.e. they have both hydrophobic (tail) and hydrophilic 23 
(head) groups in their structure. They adsorb on the surface of particles and 24 
decrease their agglomeration tendency. Moreover, surfactants act as wetting 25 
agents and thus can ease the gas escapement [136,174]. These compounds can 26 
be categorized based on their hydrophilic groups. Anionic surfactants such as 27 
sodium dodecyl sulfate (SDS) [173,177,195], sodium lauryl sulfate (SLS) [175], 28 
and sodium dodecyl benzene sulfonate (SDBS) [175,184] have anionic 29 
functional groups. Cationic surfactants like cetyltrimethylammonium bromide 30 
(CTAB) [162,200,229], dodecyl trimethyl ammonium bromide (DTAB) 31 
[182,189,231], and hexadecyltrimethylammonium bromide (HTAB) [202,220] 32 
present cationic functional groups. Non-ionic surfactants, such as 33 
hydroxypropyl methylcellulose (HPMC) [184], polyethylene glycol (PEG) 34 
[197], and tetraethyleneglycol dodecyl ether (Brij30) [189], have covalently 35 
bonded oxygen groups.  36 
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The critical micelle concentration (CMC) defines the behavior of surfactants 1 
inside electrolytes [231]. The concentration of surfactants should be determined 2 
regarding their CMC. The adsorption mechanism of surfactants on particles 3 
depends on their concentration. An electrostatic mechanism (i.e. ion 4 
exchange/and ion pairing) occurs at low concentrations. At high concentration, 5 
however, a hydrophobic bonding mechanism happens [200]. While surfactants 6 
are efficient in low contents, high concentrations were found to impose negative 7 
effects on the coatings properties [231–233]. 8 
Considering that the substrate is negatively charged during the deposition 9 
process, cationic surfactants are usually assumed to efficiently incorporate the 10 
particles inside the growing matrix. Cationic surfactants increase the zeta 11 
potential of particles and induce their movement toward the cathode [162]. 12 
However, anionic surfactants were found to be superior [175,184,220] as it is 13 
explained in the following [212]. 14 
A Helmholtz layer is formed on the metal surface when they are submerged in 15 
the deposition bath. The first layer is a compact layer of adsorbed metallic 16 
cations and other complex cations at the surface of the electrode. Therefore, 17 
negatively charged particles are more capable to diffuse through the Helmholtz 18 
layer and reach the surface. Moreover, cationic surfactants and metallic ions 19 
compete over winning electrons during the deposition. This competition 20 
suppresses the cationic reactions, which can degrade the coating’s qualities. For 21 
example, the adhesion of coatings decreases due to weakening the bonding 22 
strength between the substrate and the film [4,174,191,200].  23 
Although anionic surfactants are generally superior, some exceptional behavior 24 
is reported for DTAB (as a cationic surfactant). SDS and CTAB are the most 25 
used surfactants, however, they are not as effective as SDBS or DTAB, and 26 
some negative effects of their usage is reported [175,182,184,189,226,231].  27 
Dispersing the particles in deposition electrolytes is more complicated than in 28 
distilled water due to the interactions of ions and particles. Jiang et al. [174] 29 
have tried to disperse nano-Al2O3 particles in Watt’s bath using a combination 30 
of SDS and HPB surfactants. While surfactants had no notable impact on the 31 
dispersion, they changed the particles agglomeration from hard to soft state. 32 
Stirring the electrolyte breaks the soft agglomerated particles and keep them in 33 
suspension. The migration of the particles to the cathode surface found to occur 34 
mechanically during the stirring; the electrophoretic motion was too weak to be 35 
taken into account.  Noted that ILs and DESs have higher viscosity and lower 36 
surface energy than water that is beneficial for wetting and dispersing the 37 
particles. Therefore, employing ILs or DESs could completely eliminate the use 38 
of surfactants [234]. 39 
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2.2.4. Sol-enhanced electroplating 1 
The recent development of the sol-enhanced technique made it possible to 2 
obtain perfectly stable nano-fluids (Figure 8). They are successfully used to 3 
obtain a uniform distribution of nanoparticles [133,168,179,187]. The sol could 4 
be formed by mixing the salt of the goal material (such as Ag) with a reduction 5 
agent (like sodium borohydride) and a capping agent (like glycerol). No 6 
agglomeration happens when the formed sol is added to the deposition bath.  7 
 8 
 9 
 10 
Figure 8. (a) Agglomeration of nanoparticles when they are added in the conventional mixing 11 
method, (b) the formation of nano-particles sol, and (c) the stable suspension of 12 
nanoparticles inside the deposition bath using the sol-enhanced method [168]. 13 
 14 
The importance of the used dispersion method, especially ultrasound and 15 
surfactants, on the properties of deposited coatings is now well-known. 16 
Unfortunately, however, this fact is sometimes ignored unintentionally or 17 
deliberately. For example, Ni-P-PTFE films are obtained by using a cationic 18 
surfactant to disperse PTFE particles [224,225].  The films were superior in low 19 
concentrations of particles emulsion, i.e. 0.2 ml/l. At high concentrations, 20 
however, the properties of the films were drastically diminished. It was 21 
concluded the incorporation of high PTFE content increases the porosity and 22 
thus diminishes the corrosion properties. However, the effects of the used 23 
surfactant were ignored. As a result, a lower corrosion resistance could be due 24 
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to increasing the concentration of the used cationic surfactant rather than high 1 
contents of PTFE. 2 
In conclusion (based on Table 3), Ni-P composite films, specifically with CNTs, 3 
seem to fulfill the requirements of a proper barrier layer, and ultrasonic, sol-4 
enhanced electroplating, and SDBS and DTAB surfactants could be considered 5 
the best techniques to obtain them.   6 
 7 
3. Noble top-coats 8 
3.1. Au top-coats 9 
Au is the most used noble top-coat for an electrical contact due to having a 10 
combination of good corrosion resistance and high electrical conductivity. Au 11 
films were traditionally obtained from a cyanide electrolyte. However, cyanide 12 
electrolytes suffer from a high toxicity and a low long-term stability. This 13 
limitation led to several studies about finding new alternative electrolytes. 14 
Thiosulphate-sulphite mixed bath, thiourea bath, and mercaptotriazole bath are a 15 
few examples of such developed non-cyanide electrolytes. The stability of Au 16 
inside the electrolyte increases by increasing the pH of electrolyte, i.e. the 17 
highest concentration of free Au ions will be found at pH below 2 [235].  18 
Organic solvents were recently investigated as an alternative to common 19 
cyanide electrolytes. Dimethylformamide (DMF) and dimethyl sulfoxide 20 
(DMSO) are well-known organic solvents that are stable at elevated temperatures. 21 
They can be considered as the base of electrolytes to deposit thin metallic films 22 
over a large range of potentials without decomposition, but elevated temperatures 23 
may need to be applied [236,237].  24 
The following mechanism was proposed for the deposition of Au in aqueous 25 
and organic solutions [236]. A single three-electron process of reduction of 26 
     
  to metallic Au occurs in aqueous media. 27 
         
                     
                            ( 10) 28 
In organic solutions, however, the reduction happens in two consecutive 29 
electrochemical steps, possibly due to the poor solvation of     ions in such 30 
solvents.  31 
        
              
                          ( 11) 32 
        
              
                             ( 12) 33 
The electroreduction of      
  ions highly depends on the material of the 34 
working electrode and its surface morphology. Superior films are formed on 35 
smoother surfaces. The employed complex has an important impact on the 36 
33 
 
quality and properties of the Au deposits as well. For example, a non-uniform 1 
deposit was reported for the reduction of      
  ions, while uniform deposits 2 
were obtained from the reduction of         
  ions [236].   3 
The surface morphology of the top-Au is a dominant factor for electrical 4 
contacts. It could be either hemispherical or faceted features; the former is 5 
always preferred since the latter results in a substantial increase of the contact 6 
resistance [238]. Thickness is another determining factor; it varies from 0.1 to 5 7 
µm depending on the purpose of the conductive surface. A non-porous layer is 8 
necessary to secure a good corrosion resistance; coatings thinner than 0.5 µm 9 
are highly porous, while those that are thicker than 0.8 µm had almost no 10 
porosity. Therefore, 0.8 µm is reported as the optimized thickness for Au 11 
protective coatings [23]. 12 
The microstructure of the deposits and the hydrogen evolution during the 13 
deposition process was reported to determine the porosity of these thin films 14 
[239]. The formed pores during the electrodeposition process can be classified 15 
into two types. The pores are called through-pores if they are extended from the 16 
sublayer to the surface, otherwise, they are known as the masked pores. 17 
Through-pores (and their size) are important due to their negative effects on the 18 
corrosion performance of electrical contacts. This type of pores is usually found 19 
around grain boundaries. They have a uniform round shape that suggests they 20 
were formed by hydrogen bubbles during the electrodeposition process. 21 
Thickening of the deposited layer is known to dramatically decrease the 22 
porosity content of Au layers [238]. 23 
The applied current density is an important factor regarding the formation of 24 
pores. The applied current density determines the nucleation and growth 25 
mechanisms. At low current densities, crystal growth is preferred over 26 
nucleation that leads to the formation of large grains. High current densities, 27 
however, favors nucleation over growth and leads to finer grains. The hydrogen 28 
reduction, as a side reaction, occurs alongside the reduction of Au. This reaction 29 
is more important at high current density [238], it may consume more than 40% 30 
of the current during the electrodeposition [239]. A reverse relationship between 31 
the porosity content of deposits and their current efficiency was reported, i.e. 32 
more compact coatings were formed when they had higher current efficiencies 33 
[238]. 34 
Fewer pores are known to be generated in pulse plating rather than DC. 35 
Hydrogen bubbles tend to be formed at the junctions of grains in DC coatings. 36 
There is enough time for bubbles to grow and reach the stable phase. These 37 
bubbles could be finally trapped inside the growing layer and form pores. In a 38 
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pulse mode, the formed bubbles have less time to grow during the on-pulse and 1 
they can be detached from the surface during the off-pulse. It was also found 2 
that there is a direct relationship between the pulse frequency and the current 3 
efficiency. More compact coatings with smaller pore sizes were formed using 4 
pulse plating at high frequencies (>100 Hz) [238]. As a result, finer and 5 
smoother coatings with round grains and less porosity are formed by using the 6 
pulse plating method. 7 
Sus et al. [237] have investigated the mechanism of Au deposition from DMF 8 
using pulse electrolysis. A wide range of Au deposits, from Au nanoparticles to 9 
compact thin films, can be obtained by controlling the pulse deposition parameters 10 
(deposition cycles, voltage range, and pulse and pause times). For example, Au 11 
nanoparticles were formed when a voltage range of 0.1-1.6 V, a pulse time of 6 ms, 12 
and a 300 ms pause time were used. Increasing the number of pulse cycles (to 13 
more than 1000 cycles) led to the formation of a compact thin layer with spherical 14 
features. Chen et al. [240] used the pulse electrodeposition technique and 15 
successfully formed a thin layer of Au from a non-toxic sulfite-based bath. The 16 
obtained coating had a notably smaller grain size (10.5 nm vs. 22.8 nm), lower 17 
roughness (117 nm vs. 200-250 nm), higher hardness, and denser texture 18 
compared to DC samples.  19 
Coatings with even lower porosity content were formed using on-off pulse and 20 
pulse-reverse plating techniques by Liu et al. [239]. The anodic cycle in the 21 
reversed pulse partially dissolves the deposited film and oxidizes the formed 22 
hydrogen bubbles. Smoother and more compact coatings were formed when a 23 
reverse current density above 5 mA.cm
-2
 was applied [241].  24 
Wear resistance and material costs are the only limits of Au coatings. Au alloys 25 
or Au composite coatings offer a notably higher hardness and thus they can be 26 
used to overcome the softness. Forming such coatings, however, should be done 27 
with high precision since the contact resistance could be remarkably increased 28 
[12]. 29 
Hard Au, i.e. an Au alloy with Ni, Fe, or Co, has been developed as an electrical 30 
contact material due to its mechanical and electrical properties. Alloying Au 31 
with Ni, Fe, or Co can increase its hardness from 70 HV to about 170 HV. The 32 
type of alloying element and its concentration have a huge impact on the 33 
hardness, ductility, brittleness, wear resistance, and corrosion behavior of Au 34 
alloys [239]. 35 
Au nano-composites are reported to have a high hardness of 2100 HV [23]. 36 
Several nano-particles, including aluminum oxide, titanium oxide, titanium 37 
nitride, silicon carbide, silicon oxide, silicon nitride, diamonds, and zirconium 38 
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oxide were investigated. Aluminum oxide and titanium oxides were reported the 1 
most applicable particles to enhance the lifetime of electrical contacts [23].  2 
PTFE nano-particles were also reported to improve the lifetime of electrical 3 
contacts. PTFE particles reduced the friction and thus enhanced the wear 4 
resistance [242]. 5 
The uniform distribution of particles inside the matrix is the main challenge to 6 
improve the properties of composite films. A well dispersed and stable 7 
suspension of particles in the bath is the vital key for this purpose. An increase 8 
of hardness was observed when TiO2 particles were added to the bath (2.55 and 9 
2.91 GPa for hard Au and composite hard Au, respectively). However, the 10 
agglomeration of particles limited their effect and introduced some anomalies in 11 
the final surface morphology. The composite coatings obtained from the sol-12 
enhanced deposition had the highest hardness (3.20 GPa) with highly dispersed 13 
particles and a uniform morphology [26]. 14 
Song et al. [12] employed fretting corrosion tests to compare the lifetime of 15 
different top coats. They used contact resistance to define two different stages of 16 
the lifetime of electrical contacts. Lifetime I is assigned when a 300% increase 17 
in the contact resistance is observed and lifetime II is defined when the contact 18 
resistance reached 300 mΩ. The lifetime I usually happens when the top coat 19 
wears off. After lifetime I the contact is damaged but still works properly. 20 
However, a normal electrically functional contact could not be expected after 21 
lifetime II. A further increase in lifetime of Au top-coats can be expected by 22 
forming hard Au and Au nano-composite coatings. Modifying the Au layer with 23 
alloying elements or nano-sized particles increased the wear resistance of the 24 
contacts and thus noticeably improved the lifetime. However, a huge range of 25 
lifetimes (from extraordinary short lifetimes to very long ones) was observed 26 
for the composite coatings. They concluded that nanoparticles have a high 27 
potential to improve the lifetime. However, the concentration, size, stability, 28 
and distribution of particles are key factors that determine the general lifetime. 29 
 30 
3.2. Ag top-coats 31 
Ag is known for its good corrosion resistance, high electrical conductivity, 32 
esthetical appearance, and immunity to fretting corrosion. It is extensively 33 
considered as an economical alternative to Au-top coats. However, Ni and Ag 34 
cannot form bonds [243] and thus deposition of a smooth, compact, and 35 
adhesive Ag layer on Ni is highly challenging. Ag also suffers from its softness 36 
(hence low wear resistance) and getting tarnished. As a result, a thick Ag 37 
coating (> 3 µm) is usually necessary for satisfying properties.  The tarnished 38 
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film that usually forms in sulfite environment is very soft and can be easily 1 
broken by the contact force. Even though this film can in some extent transfer 2 
the electrical current, its brown color suggests a change in the surface and thus it 3 
is often considered a failure [13,23,244,245].  4 
Ag is traditionally deposited from cyanide baths. Numerous studies are 5 
dedicated to finding more environment-friendly non-cyanide baths for Ag 6 
deposition. Thiosulfate bath was reported to form smooth, compact and thick 7 
silver deposits. However, its low stability made it impractical for commercial 8 
uses. The obtained Ag films had also a low tarnishing resistance. 9 
Another approach is to introduce complexing agents to non-cyanide stable 10 
baths. Uracil, ammonia, and thiourea are some proposed examples. Liu et al. 11 
[245] used quantum chemical calculations and molecular dynamic (MD) 12 
simulations to investigate different complexing agents. It was found that 5,5-13 
dimethylhydantoin (DMH) and nicotinic acid (NA) are promising agents for Ag 14 
deposits. Mirror bright Ag deposits with excellent leveling capability, smooth 15 
and compact morphologies, high purity, high conductivity, high weldability, 16 
and hardness were formed. Moreover, the solution was reported to be stable up 17 
to at least one year. Such properties are promising to replace the commonly 18 
used cyanide baths.  19 
Ag tends to electrodeposit in a highly dendritic way. However, the formation of 20 
smooth, homogeneous, finer-grained Ag deposits was reported with thiourea. 21 
TU moves the reduction potential of Ag closer to other transition metals 22 
(deposition of Ag alloys) and makes it possible to deposit Ag from a more 23 
environment-friendly electrolyte. A dendritic structure will form at high current 24 
densities, and thus the electrodeposition should be done at low current densities 25 
[246]. 26 
Electrodeposition of Ag from ILs is another alternative. Ispas et al. [247] 27 
obtained proper Ag deposits from 1-ethyl-3 methylimidazolium 28 
trifluoromethanesulfonate ([EMIm][TfO]) bath. The microstructure and 29 
morphology of deposits could be controlled by parameters like the temperature 30 
and ion concentration. Sebastian et al. [49] investigated the differences between 31 
Ag deposits obtained from DES and aqueous baths. An elevated temperature 32 
(70ºC) was necessary for plating Ag from DES due to its low conductivity and 33 
high viscosity (increasing temperature slightly decreases the viscosity and 34 
enhances the conductivity up to 10 times). A higher concentration of Ag was 35 
needed in deep eutectic solvents (0.02 M) than aqueous (0.001 M) baths to 36 
deposit Ag. 37 
37 
 
Shanthi et al. [248] studied the effect of pulse plating on Ag films. The highest 1 
quality was obtained by using a low peak current density (3 Adm
-2
) and a high 2 
duty cycle (60%). Increasing the frequency from 10 to 100 Hz decreased the 3 
thickness and current efficiency but increased the hardness of deposits. 4 
Alloying Ag with hard metals, similar to Au, could improve its hardness and 5 
thus enhance its wear resistance. However, Ag is incapable to form solid 6 
solutions with hard metals, particularly Ni, that confines this option. Ag-Ni 7 
deposits with low Ni content have a bright and smooth appearance. However, 8 
increasing the Ni concentration roughen and blacken the surface. This was 9 
attributed to the diffusion limited conditions for Ag reduction. The Ni inside the 10 
deposit increased with increasing the deposition time (and thus thickening the 11 
layer). The incorporation of Ni inside Ag seemed to happen due to kinetic 12 
trapping of Ni within the growing Ag; however, this process highly depends on 13 
the Ni:Ag ions ratio in the electrolyte [54].  14 
Composite films could be considered the best solution to the softness of Ag 15 
deposits. WC and graphene were simultaneously used, as the reinforcing phase 16 
and lubricating particles, to improve the wear resistance of Ag films. The 17 
composite coatings had a lower friction coefficient but a rougher surface, a 18 
porous structure, and a dendritic morphology. The finer grains with similar 19 
morphology, however, were obtained by the addition of sole WC particles [8]. 20 
The co-deposition of fine diamond particles also highly improved the wear 21 
resistance of Ag films [244]. 22 
 23 
3.3. Other top-coats 24 
Sn is extensively used as an inexpensive passive top-coat. Sn has a slow growth 25 
of oxide layer that remains thin and can be mechanically broken by a low 26 
contact force. Their thickness, however, should be kept low, because of their 27 
ductility not their cost. It is not as effective as Au or Ag; Sn has comparably a 28 
low lifetime in intense environments. Hence, Sn should be reserved only for 29 
applications where a severe corrosive media is absent [23]. 30 
Iridium (Ir) is mainly famous due to its biological and medical applications. 31 
However, its good electrical conductivity, high hardness, and proper corrosion 32 
resistance could make it a suitable candidate for electrical contacts. 33 
Unfortunately, no commercial electrolyte has been developed for its deposition. 34 
In an attempt to electrodeposit Ir, Nather et al. [249] investigated different 35 
electrolytes and deposition parameters. They found out that Ir could be 36 
deposited only from its tetravalent state at high temperatures and low pH values. 37 
They have successfully deposited crack-free, adherent and bright layers up to 38 
38 
 
2µm of Ir and IrNi films with a hardness of 600 HV and 900 HV, respectively, 1 
from a hexabromoiridate electrolyte. Such characteristics are promising enough 2 
to consider Ir layers as a proper top-coat in electrical contacts. 3 
Palladium (Pd) is another interesting metal that could be considered as an 4 
economical alternative top-coat. Pd is not normally prone to corrosion but could 5 
be subjected to fretting corrosion. PdNi alloys are common protective coatings 6 
for conductive surfaces due to their proper wear resistance. However, their 7 
brittleness could lead to the formation of cracks, which affects the corrosion 8 
resistance [23]. Meyyappan et al. [24] investigated an alternative Ni-Pd-Au 9 
multi-layer coating with an 85% reduction in Au thickness. They found out that 10 
Pd layer acted as a barrier against diffusion of Ni and Cu into Au and thus 11 
improved the corrosion resistance and lifetime. 12 
 13 
4. Post-treatment processes  14 
Passivation can improve the lifetime of electronic contacts. A passive layer can 15 
be formed by oxidizing the surface of the metal itself or through the assembly of 16 
a non-reactive layer. Self-organized nano-particles or self-assembled 17 
monolayers (called SAM) can be used to passivate the electrical contacts. SAMs 18 
can decrease the porosity density of the top layer and thus improve the 19 
corrosion resistance. A huge decrease in the porosity index of an Au layer with 20 
0.4 µm thickness was reported by employing AUTRONEX
TM
 Nano 104S [23]. 21 
A more stable SAM forms on the pores of the gold nano-porous layer rather 22 
than the flat parts. The size of pores was found to be irrelevant on the obtained 23 
properties [250]. This could be especially interesting for electrical contacts. 24 
However, the electrical conductivity of nanoporous gold layers decreased up to 25 
22%  when SAMs were applied [251]. The successful use of SAMs as anti-26 
tarnishing agent for Ag deposits has been also reported. It was found that the 27 
modified Ag coatings present a better wear resistance, a more stable contact 28 
resistance during their lifetime, and a higher corrosion resistance [35].  29 
SAMs are bi-functional or multi-functional molecules that have two (or more) 30 
termination groups with dissimilar functionality (Figure 9). While one end of 31 
such molecules attach to the surface, the other one provides a specific 32 
functionality. The part of SAMs that will be attached to the metal surface is 33 
called the head group. The head group is a ligand (like thiols, silanes, and 34 
phosphonates) with a specific affinity for a surface and forms a chemical bond 35 
with it. The tail group attaches the head group to the functional end. The 36 
organization of the tail group occurs slowly after the chemisorption of the head 37 
group. An ordered 2D “lying down phase” forms at first stages that will be 38 
39 
 
transmitted to a 3D crystalline or semicrystalline structure over periods of 1 
minutes or hours [7]. Thiol compounds are the most used materials as SAMs 2 
[252], and a more homogeneous film of them was reported to be formed from 3 
an organic phase rather than an aqueous one [253]. 4 
 5 
Figure 9. Schematic presentation of a Cu/Ni-P/Au system (A), and its modification with a 6 
SAM structure [7]. 7 
These molecules can be applied to metals through different methods, like 8 
ultrasonic assisted immersion, photocatalytic, electrochemical or gas phase 9 
evaporation. They form a thin layer on their surface that enhances the corrosion 10 
and wear resistance by filling the pores [23]. Forming SAMs by immersing the 11 
gold-coated samples inside their bath is simple and efficient. However, it 12 
requires almost high concentrations of SAMs (>1 mM) that is not cost effective. 13 
It also suffers from reproducibility issues. The electro-assisted method, 14 
however, found to be able to form reproducible densely packed SAMs in 15 
micromolar range concentrations [254]. 16 
The use of polymers is one of the most important strategies to improve the 17 
corrosion resistance [255–258]. Surface irregularities and anomalies, such as 18 
roughness or pores, present a different surface energy that make them favorable 19 
polymerization centers [259,260].  In fact, the pores have a free-energy 20 
minimum. Therefore, the monomer would be, partially or completely, adsorbed 21 
inside the pores and polymerizes there [261]. Moreover, the confined pores may 22 
facilitate the combination of the monomer molecules [262]. As a result, 23 
polymers are theoretically able to seal the pores of Au top-coats.  Unfortunately, 24 
however, most organic coatings poorly adhere to their metallic substrate. 25 
Poly(methyl methacrylate) or PMMA instead is strongly chemisorbed 26 
(electrografted) on metals, because of its carbonyl functionality [263,264]. 27 
PMMA is a light-weight and transparent colorless polymer, which offers a high 28 
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corrosion and chemical resistance [265]. Interestingly, PMMA can be etched 1 
using UV [266–268] to remove possible polymeric growth outside the pores, if 2 
it increased the electrical resistivity. Therefore, polymerization of MMA seems 3 
to be a potential candidate as a post-treatment method to enhance the reliability 4 
of electrical contacts.  5 
As a result, the application of post-treatments remarkably decreases the 6 
optimized thickness of noble top-coats by modifying their porosity content and 7 
thus bring many economic and ecologic benefits. 8 
 9 
5. Summary and conclusions 10 
Cu/Ni/Au multi-layer films are commonly used in electronics and 11 
microelectronics to serve as electrical contacts, due to their combination of 12 
mechanical properties, corrosion resistance, and electrical conductivity. Cu is 13 
the most used material in electronics due to its relatively low price and 14 
exceptional electrical conductivity. The low corrosion resistance of Cu, 15 
however, requires to apply protective coatings. Noble metal films, such as Au, 16 
Ag, Pd, present a combination of high electrical conductivity and corrosion 17 
resistance. Therefore, they are extensively employed in electronics to serve as 18 
electric contacts. The desirable properties of noble metals will be deteriorated if 19 
Cu diffuses into them. As a result, Ni films are applied as a diffusion barrier. 20 
The applied noble top-coat is thin (and thus porous), because of its price. The 21 
pores are the biggest disadvantage of these systems. They worsen the corrosion 22 
behavior by imposing a galvanic corrosion and a rapid dissolution of the under-23 
layer. Therefore, the properties of the Ni barrier layer and the noble top-coat 24 
mainly determine the lifetime of Cu/Ni/Au films.  25 
Ni films with superior properties can be obtained by pulse deposition, 26 
specifically in a DES bath. However, Ni alloys or Ni composite films are more 27 
practical to meet the requirements of a good barrier. Two types of metals can be 28 
added into the deposition bath to form Ni alloys. Firstly, metals that could be 29 
individually deposited, i.e. metals such as Cu, Co, Sn, Zn. Secondly, elements 30 
that can only be co-deposited, i.e. refractory metals, B, and P. The first group 31 
presents promising improvements in corrosion and mechanical behavior, except 32 
for Ni alloys with more cathodic elements, such as Zn. However, they have 33 
crystalline structures and thus suffer from crystalline defects. Amorphous Ni 34 
alloys, i.e. the second group, are superior for barrier purposes due to their lack 35 
of crystalline defects. Ni-P films are the most promising one, since they are 36 
inexpensive and offer a combination of good mechanical and corrosion behavior 37 
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as well as a low surface roughness. Further improvement of Ni-P films can be 1 
achieved by adding a small amount of Ag, or Sn, or refractory metals to their 2 
deposition electrolytes.  3 
Ni-P films are well-known because of their amorphous structure. Although they 4 
are free of crystalline defects such as grain boundaries, their structure consists 5 
of several clusters and the cluster boundaries. These defects are prone to 6 
corrosion and diffusion. Making composites with Ni-P films, particularly with 7 
CNTs, modifies their structure and enhances their corrosion, wear, and diffusion 8 
resistance. Highly conductive particles, however, can increase the roughness of 9 
the surface and diminish the corrosion resistance by forming localized corrosion 10 
cells. Nonetheless, the most vital parameter in forming proper composite films 11 
is the used dispersion method. Surfactants are extensively used to disperse 12 
particles in electrolytes. However, they might interact with deposition reactions 13 
and compete with metallic ions over winning electrons, specifically cationic 14 
surfactants. This fact could decrease the growth rate of films or deteriorate their 15 
properties. Anionic surfactants were found to be superior in general. SDBS and 16 
DTAB were the most promising used anionic and cationic surfactants, 17 
respectively. Meanwhile, surfactants cannot completely eliminate the 18 
agglomeration problem. They form soft agglomerated particles that can be kept 19 
in suspension by stirring the electrolyte. Sol-enhanced electroplating was 20 
recently developed, i.e. particles are added to the bath in their colloidal state. 21 
They can be expected to form composite films with superior properties.  22 
Au and Ag are the most used noble top-coats and Ir and Pd were recently 23 
investigated as their alternatives. They are, however, very soft and suffer from 24 
low wear resistance. Alloying them with hard metals, i.e. Ni, Co, or Fe, and 25 
making composites with hard secondary phases can highly improve their 26 
hardness and wear behavior. Employing high content of alloying elements, 27 
however, diminishes the desired properties, i.e. corrosion resistance and surface 28 
roughness. Therefore, composite films are superior for electrical contacts, but 29 
the employed particles should not decrease the electrical conductivity. Al2O3 30 
and TiO2 nanoparticles were found to be the best candidates to form composite 31 
noble metal films. Moreover, well-distributed particles are the main key to 32 
improve the wear resistance of composite films. This is pointing out yet again to 33 
the importance of the used dispersion method. 34 
Using a post-treatment process can modify the pores of thin noble metal films. 35 
A post-treatment method can compensate the negative effects of pores on the 36 
corrosion properties. Therefore, it can be used to assure a successful and secure 37 
performance of electrical contacts, particularly for crucial applications in severe 38 
corrosive environments. 39 
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As perspectives of this work, the following strategies are suggested for further 1 
investigations: 2 
 The use of Ni-Sn-P and Ni-Sn-P/CNTs coatings as barrier films. 3 
 The single step electrodeposition of Ni/Au films from a non-aqueous 4 
electrolyte. 5 
 The formation of Ni-P films with high and stable electrical conductivity 6 
to eliminate noble top-coats. 7 
 The effects of PMMA as post-treatment on the corrosion behavior of 8 
electrical contacts.  9 
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